In this study, we deploy a doxycycline-dependent suicide switch integrated in a tumor challenge model. With this experimental setup, we characterized the immunological consequences of cells dying by four distinct cell death stimuli in vivo. We observed that apoptotic cell death induced by expression of the truncated form of BH3 interacting-domain death agonist (tBid) and a constitutively active form of caspase 3 (revC3), respectively, showed higher immunogenicity than cell death induced by expression of the tuberculosis-necrotizing toxin (TNT). Our data indicate that the early release of ATP induces the silent clearance of dying cells, whereas the simultaneous presence of 'find me' signals and danger-associated molecular patterns (DAMPs) promotes inflammatory reactions and increased immunogenicity. This proposed model is supported by findings showing that the production and release of high concentrations of IL-27 by bone-marrow-derived macrophages (BMDM) is limited to BMDM exposed to those forms of death that simultaneously released ATP and the DAMPs heat-shock protein 90 (HSP90) and high-mobility group box-1 protein (HMGB1). These results demonstrate that the tissue microenvironment generated by dying cells may determine the subsequent immune response.
, M Herrmann* ,1 and LE Munoz 1 In this study, we deploy a doxycycline-dependent suicide switch integrated in a tumor challenge model. With this experimental setup, we characterized the immunological consequences of cells dying by four distinct cell death stimuli in vivo. We observed that apoptotic cell death induced by expression of the truncated form of BH3 interacting-domain death agonist (tBid) and a constitutively active form of caspase 3 (revC3), respectively, showed higher immunogenicity than cell death induced by expression of the tuberculosis-necrotizing toxin (TNT). Our data indicate that the early release of ATP induces the silent clearance of dying cells, whereas the simultaneous presence of 'find me' signals and danger-associated molecular patterns (DAMPs) promotes inflammatory reactions and increased immunogenicity. This proposed model is supported by findings showing that the production and release of high concentrations of IL-27 by bone-marrow-derived macrophages (BMDM) is limited to BMDM exposed to those forms of death that simultaneously released ATP and the DAMPs heat-shock protein 90 (HSP90) and high-mobility group box-1 protein (HMGB1). These results demonstrate that the tissue microenvironment generated by dying cells may determine the subsequent immune response. Cell death and the clearance of dying cells have important roles in physiological and pathological processes. 1 For instance, the silent elimination of excessive cells by apoptosis and their non-inflammatory clearance 2 is necessary for tissue homeostasis 3 and also has a fundamental role in development. 4 In contrast, a deficiency in the clearance of apoptotic cells and the progression of the latter into secondary necrosis contributes to the etiopathogenesis of systemic lupus erythematosus. 5 In cancer, an increased rate of apoptotic tumor cells is associated with poor prognosis. 6 In this study, we aimed to investigate the immunological consequences of primary necrosis. Therefore, we used an established doxycycline-dependent suicide switch 7 integrated in a tumor challenge model as described previously. 8, 9 This system ensured that cell death, from the very beginning, occured in vivo.
The induction of necrosis by methods like heating or repeated freeze-thaw cycles strongly differs from necrosis induced by accidental damage. It is unclear whether shortlived signals released from dying or dead cells are preserved and how protein denaturation affects downstream responses.
We therefore relied on the induction of primary necrosis by expression of the tuberculosis-necrotizing toxin (TNT). TNT is derived from Mycobacterium tuberculosis (MTB) and induces direct progression of cells into primary necrosis. 10 Cell death is induced by glycohydrolysis of NAD + without the activation of apoptotic or necroptotic pathways. 10, 11 To better assess the immunological consequences of necrosis induced by NAD + depletion, we included three apoptotic stimuli in this study. (1) Apoptosis induced by expression of the truncated form of BH3 interacting-domain death agonist (tBid). Bid is a pro-apoptotic protein, which is activated upon cleavage by Caspase-8. tBid interacts with Bcl-2-associated X protein (Bax) thereby facilitating the integration of the latter in the mitochondrial outer membrane, which ultimately leads to mitochondrial outer membrane permeabilization. (2) Apoptosis induced by expression of a constitutively active form of Caspase-3 (revC3). Caspase-3 is a promiscuous executioner caspase involved in the downstream processes of apoptosis. 12 It consists of a long subunit (LS) preceding a small subunit (SS). During apoptosis, initiator caspases cleave Caspase-3, allowing LS and SS to reassemble and form active heterodimers. By reversing the arrangement of LS and SS, a constitutively active form of Caspase-3 (revC3) is created, mimicking the molecular structure of the cleaved variant. 13 (3) Apoptosis induced by irradiation with UVB, which is characterized by death receptor activation and the early production of reactive oxygen species (ROS). 14 In addition to the general interest of how different forms of cell death affect the immune system, our findings may help to further understand MTB infection pathogenesis. Cell death induced by this pathogen has long been described as atypical in a negative manner, lacking features of apoptosis, pyroptosis and necroptosis. 15 Furthermore, this study provides an alternative perspective on whether induction of primary necrosis is a safe bet for the induction of tumor immunity.
Results
Conditional expression of the suicide proteins was induced by adding doxycycline, and the progression of cell death was monitored as reported. 16 The cells were analyzed with regard to mitochondrial membrane potential, condition of the nucleus, phosphatidylserine exposure and plasma membrane integrity ( Figure 1 ). Conditional expression of tBid induced rapid cell death characterized by early mitochondrial dysfunction and progression into apoptotic and secondary necrotic phenotypes (Figure 1b ). The addition of doxycycline to the cell line B644-revC3 also induced apoptosis, however, with markedly slower kinetics and less involvement of the mitochondria (Figure 1c ). In contrast, TNT-induced cell death was devoid of apoptotic cells and the cells directly progressed in primary necrosis (Figure 1d ). To visualize the changes accompanying cell death, we used live cell imaging. Conditional expression of tBid induced the early loss of mitochondrial membrane potential before any morphological features of apoptosis became visible. Subsequently, the cells rounded up and detached, first exposing phosphatidylserine followed by the loss of plasma membrane integrity as indicated by propidium iodide staining (Supplementary Figure S1 , Supplementary Movie 1). In contrast, the addition of doxycycline to the cell line B644-revC3 induced early rounding, detachment and blebbing, but the cells maintained their mitochondrial membrane potential for a longer period of time. At later stages of cell death, the cells exposed phosphatidylserine and then progressed into secondary necrosis (Supplementary Figure  S2 , Supplementary Movie 2). The expression of TNT induced early rounding and the decrease of cellular adhesion, followed by the concomitant loss of mitochondrial potential and plasma membrane integrity (Supplementary Figure S3 , Supplementary Movie 3).
We first investigated whether different forms of cell death are able to overcome the allogeneic rejection of a secondary challenge with viable tumor cells. Implantation of viable B644 melanoma cells into Balb/c mice resulted in tumor growth and subsequent rejection (Figure 2a ). Neither 8 × 10 6 tumor cells dying by expression of pro-apoptotic proteins, nor by expression of TNT prevented this natural allogeneic rejection from occuring (Figures 2b-d) .
Recent findings from our group showed that high amounts (16 × 10 6 ) of cells dying in the absence of ROS production, are ignored by the immune system. Mice treated in this way show the same phenotype as naive mice with regard to the allogeneic rejection observed when challenged with viable B644 cells. 8 As lower amounts (8 × 10 6 ) of dying cells failed to recapitulate this effect, we suggest that an overwhelming of the animal's local clearance capacity is of minor importance in determining the outcome of the allogeneic rejection. Therefore, we wondered whether an even smaller dose (2 × 10 6 ) of UVB-irradiated B644 cells, resembling a control for classical apoptosis, would be able to induce allogeneic rejection of a secondary challenge. Mice immunized in such a manner showed increased rejection of the tumor compared with naive mice (Supplementary Figure S4A) . In contrast, the same amount of cells failed to induce a protective immune response in MHC-matched mice (Supplementary Figure S5A) . Higher (8 × 10 6 ) amounts of melanoma cells dying by UVB-induced apoptosis, however, did protect mice from a challenge with viable cells under syngeneic conditions (Supplementary Figure S5A) .
As the allogeneic setup did not allow us to distinguish whether the challenge with viable tumor cells was rejected because of the allogeneic rejection, the immunogenicity of cell death or a combination of both, we proceeded to investigate the immunological consequences of immunization with melanoma cells dying by the same death stimuli, but in a syngeneic background. All the modes of cell death tested conveyed significant protection against a secondary challenge with viable cells (Figures 3a-c) . However, the protection mediated by immunization with cells expressing TNT was significantly less pronounced than an immunization with cells dying due to the expression of pro-apoptotic proteins (Figure 3d ).
In the mice immunized with cells dying by overexpression of cytotoxic proteins, we did not observe a dose-dependent effect as we had seen for the immunization with cells dying by UVB irradiation (Supplementary Figure S5A) , because immunization with low doses of cells undergoing cell death also provided protection (Supplementary Figures S5B and D) . This indicates that conditional expression of all the three death stimuli induced immunogenic cell death and that the effects were not caused by an overwhelming of clearance capacity.
We further analyzed whether the protection observed in the syngeneic background was mediated by lymphocytes. To do this, we isolated splenocytes from immunized MHC-matched mice and transferred these into recipient mice, which were subsequently challenged with viable B644 melanoma cells. We observed that the transfer of 20 × 10 6 splenocytes from mice that had received an immunization with dying cells endowed protective immunity ( Figure 4 ). The protective effect was strongest for splenocytes derived from mice that had been immunized with cells dying by expression of revC3 and tBid, and was also visible for cells dying by expression of TNT.
To explain the outcomes of the various immunization experiments, we analyzed the dying cells for the release of potential 'find me' signals and danger-associated molecular patterns. As marked changes in mitochondrial membrane potential were apparent between the different forms of cell death, we checked for differences in ATP release. We observed that UVB-irradiated cells and cells dying by expression of TNT showed significantly higher and earlier secretion of ATP compared with cells dying by expression of revC3 and tBid ( Figure 5a ).
We additionally looked for danger-associated molecular pattern release during cell death. Huge quantities of heatshock protein 90 (HSP90) were present in the supernatant of cells dying by expression of revC3 and tBid, respectively, with the latter showing HSP90 release as early as 6 h after the induction of cell death. HSP90 was also detected in the supernatants of UVB-irradiated cells and cells expressing TNT, however, not before 24 h after the induction of cell death ( Figure 5b ). In line with this finding, cells dying by expression of TNT showed significantly less release of HMGB1 than cells dying by expression of tBid and revC3, respectively, which showed an early release of high amounts of HMGB1 ( Figure 5c ).
To further characterize the immunomodulatory potential of the various forms of cell death, we co-cultivated bonemarrow-derived macrophages (BMDM) with dying cells. The , dark green; negative for phosphatidylserine, negative for propidium iodide, normal morphology and high for DilC1 (5) . Mitochondrial dysfunction (MD), orange; negative for phosphatidylserine, negative for propidium iodide, normal morphology, however, low for DilC1 (5) . Apoptotic cells (A). Early apoptotic, light green; normal morphology, positive for phosphatidylserine, negative for propidium iodide and high for DilC1(5); apoptotic, turquois; normal morphology, positive for phosphatidylserine, negative for propidium iodide, normal morphology and low for DilC1(5); late apoptotic, dark blue; shrunken morphology, positive for phosphatidylserine, negative for propidium iodide and low for DilC1 (5) . Secondary necrotic cells (SN), pink; shrunken morphology, positive for phosphatidylserine, positive for propidium iodide, low for DilC1(5) and high for Hoechst 33342; late secondary necrotic, purple; shrunken morphology, positive for phosphatidylserine, positive for propidium iodide, low for DilC1(5) and low for Hoechst 33342. Primary necrotic or early secondary necrotic cells (PN), red; shrunken morphology, positive for phosphatidylserine, highest positivity for propidium iodide, low for DilC1(5) and high for Hoechst 33342 concentrations of cytokines in the supernatant were evaluated 18 h after the induction of cell death. It must be noted that B16F10 melanoma cells express and secrete IL-6 per se. 16 However, no differences in the secretion of IL-6 was detected among the cell lines utilized for immunization, indicating that the differences observed are unique for the mode of cell death (Supplementary Figure S6) . The concentrations of the cytokines IL-1α, IL-1β, IFNβ, IL-10 and IL-27 were significantly lower in the supernatants of BMDM co-incubated with cells dying by expression of TNT compared with cells dying by expression of revC3 and tBid, respectively ( Figure 6 ). No differences were observed in the concentration of IL-12, although UVB-irradiated cells reduced the secretion of this cytokine ( Figure 6 ).
Discussion
We have shown that our established six-parameter classification of cell death for flow cytometry recapitulates the microscopic changes accompanying cell death. 17 This allows us to monitor morpho-physiological changes during cell death over an extended period of time.
Our findings further show that immunization with melanoma cells dying either by expression of tBid, revC3 or TNT fails to overcome allogeneic rejection of a secondary challenge with viable tumor cells. Immunization with these modes of cell death endowed protection in syngeneic conditions. As shown by splenocyte transfer, protection relied on lymphocytes, indicating establishment of immune memory. Melis and colleagues obtained similar results for revC3-induced cell death (Melis, 2013) , 18 but no studies have been performed on cell death caused by expression of tBid or the mycobacterial toxin TNT, respectively. We show that cell death induced by expression of TNT behaves in a similar manner as the UVBinduced apoptosis with regard to the release of 'ATP' and DAMPs (HMGB1, HSP90). ATP has versatile functions in the clearance of dying cells and is not only considered to be an important 'find me' signal released from apoptotic cells, 19 but also a hallmark feature of immunogenic apoptosis.
20 HMGB1 was initially characterized as a protein released from primary necrotic cells; 21 however, more recent findings indicate that it is more efficiently released from cells undergoing secondary necrosis. 22 When co-incubated with BMDM, cells dying due to expression of TNT stimulated cytokine secretion to a far lesser extent than cells dying by the expression of revC3 and tBid, respectively. This was especially pronounced for the cytokines IL1-α, IL-10 and IL-27. Likewise, protection in the syngeneic tumor challenge model was significantly less pronounced in mice that had been immunized before with cells dying by the expression of TNT. This challenges the classical paradigm that necrotic cells are always inflammatory and induce robust immune responses. Our data further suggest that secretion of ATP in the temporary absence of DAMPs induces a silent reaction (UVB, TNT), whereas the co-presence of these signals stimulates inflammatory responses (revC3, tBid). On the basis of these findings, we propose that the secretion of ATP attracts phagocytes which remove dying cells. In contrast, the simultaneous secretion of both ATP and DAMPs attracts and activates phagocytes to clear dying or dead cells in an inflammatory manner (Figure 7) . Therefore, we hypothesize that ATP is not the determinant that controls whether cells are cleared in an inflammatory manner or not, but that it rather defines the time point of phagocyte attraction toward the site of cell death.
Much effort has been put into investigating how apoptotic cells are cleared. However, significantly less is known about the clearance of necrotic cell material. Several reports indicate that necrotic cells are not as potent inducers of inflammation and immunity than previously thought. Brouckaert et al. 23 found that necrotic cells were unable to stimulate an inflammatory response on phagocytosis by macrophages. They further observed that necrotic cell death, induced by a combined treatment of staurosporine and oligomycin, dampened inflammatory responses as well as apoptotic cells. 24 Similarly, LPS-stimulated macrophages and monocytes 'fed' with primary necrotic peripheral blood lymphocytes showed decreased secretion of TNFα and increased secretion of IL-10. 25 Another report stated that phagocytosis of necrotic cells was unable to stimulate an inflammatory response in macrophages; however, they were able to amplify cytokine secretion in response to LPS. 26 In a systemic study analyzing the adjuvant properties of various forms of cell death, oligomycin-induced necrosis failed to recapitulate the adjuvant effect of apoptotic cells, thereby successfully linking local inflammation and systemic immunity. 27 In another recent study, phagocytosis of cells that had undergone necroptosis failed to induce inflammatory cytokine production. 28 Further, our findings indicate a fundamental difference in how dying cells modulate the immune system under syngeneic and allogeneic conditions. Lower amounts of dying cells tend to favor an allogeneic rejection, whereas high amounts of cells dying without the production of cellular ROS failed to stimulate the allogeneic rejection of a secondary challenge with viable cells and rather led to a rejection similar to that observed for naive mice. 8 In the syngeneic setting, low amounts of cells undergoing classical apoptosis are silently cleared without inducing immune responses, whereas intermediate amounts induce a robust immune response. This may be attributed to an overloading of the local clearance capacity, a factor apparently of lesser importance in allogeneic conditions. With TNT being a mycobacterial toxin, its effects need to be considered in the context of a mycobacterial infection. It is an ongoing matter of debate whether MTB takes advantage of or tries to evade inflammatory host responses. 29 Several studies have shown that MTB inhibits the induction of apoptosis 30, 31 and it is known that anti-apoptotic proteins like Mcl-1 (ref. 32) or A1 (refs 33,34) are upregulated upon MTB infection. Interestingly, induction of host cell apoptosis negatively correlates with virulence. 35, 36 Of particular interest is the finding that apoptotic bodies of MTB infected cells are taken up by dendritic cells and that mycobacterial antigens are cross-presented to cytotoxic T-lymphocytes. 37 Likewise, treatment of mice with apoptotic bodies of MTB infected cells endowed protection against an MTB infection. 38 Recent discoveries have shown that MTB induces an atypical cell death in infected host cells. This kind of cell death is characterized by the loss of mitochondrial membrane potential, depletion of ATP and the loss of plasma membrane integrity, thereby allowing cellular escape of MTB. 15 TNTwas identified to be a potent inducer of primary necrosis via depletion of NAD + . 10, 11 These data suggest that MTB inhibits apoptosis to evade eradication and that it induces primary necrosis to promote spreading into the tissue with subsequent infection of other host cells. Thereby, TNT seems to be the main toxin of MTB, as strains genetically depleted of TNT failed to induce macrophage cell death. 11 This renders TNT an interesting target for the therapy of tuberculosis: by targeting the protein's NAD + hydrolase activity, one could possibly prevent macrophage progression into primary necrosis. This might inhibit both spreading of the infection and counter the immune escape by allowing proper execution of apoptosis.
Remarkably, cells dying by expression of UVB and TNT failed to induce secretion of IL-27 from BMDM, whereas high concentrations of this cytokine were detected in the supernatants of BMDM stimulated with cells dying by expression of revC3 and tBid, respectively. IL-27 is an important factor linking innate and adaptive tumor immunity 39 by not only enhancing natural killer cell-mediated killing of cancer cells, 40 but also by fostering cytotoxic T-lymphocyte generation. 41, 42 In addition, IL-27 exerts direct anti-proliferative and antiangiogenic effects on melanoma cells. 43, 44 Interestingly, IL-27 signaling has also been reported to be an important factor in the control of MTB infections. 45 It is, therefore, reasonable that MTB tries to evade forms of cell death that induce IL-27 secretion. Our findings indicate that the release of 'find me' signals like ATP in the temporal absence of DAMPs like HSP90 and HMGB1 is associated with poor immune responses, whereas the concurrence of both signals induces an inflammatory response and antitumor immunity (Figure 7) . Taken together, our data support a steadily increasing number of studies demonstrating that the classical paradigm of apoptosis as an exclusively anti-inflammatory form of cell death and necrosis as a condition causing inflammation is not applicable in all contexts of cell death. Instead it might rather be decisive when and under which conditions phagocytes are recruited to the site of cellular demise.
Materials and Methods
Reagents and molecular probes. Gibco Dulbecco's modified Eagle's medium (DMEM), Gibco RPMI 1640, Gibco G418 sulfate, Gibco penicillinstreptomycin, Gibco glutamine, Gibco puromycin dihydrochloride, Gibco trypsin EDTA (10 × ), MitoProbe 1,10,3,3,30,30-hexamethylindodicarbocyanine iodide dye (DiIC1 (5)) and Molecular Probes Hoechst 33342 were bought from Thermo Scientific (Darmstadt, Germany). Recombinant chicken annexin A5 (AxV) was supplied by Responsif (Erlangen, Germany). Doxycycline hydrochloride, propidium iodide (PI) and the 'FluoroTag FITC Conjugation Kit' for conjugation of AxV with FITC were obtained from Sigma-Aldrich (Darmstadt, Germany). Ringer's solution was from Delta Select (Pfullingen, Germany) and Biochrom tetracycline-free fetal bovine serum albumin (FBS) was purchased from Merck-Millipore (Darmstadt, Germany).
Cell lines and culture conditions. The C57BL/6 mouse-derived melanoma cell line B16F10 (haplotype H2b) was purchased from the ATCC (#CRL-6475) and the cell line and its derivatives were propagated in DMEM supplemented with 10% (v/v) FBS and penicillin-streptomycin (D10) at 37°C in a 5% CO 2 atmosphere. The construction of the suicide switch and its components have been thoroughly described elsewhere. 8 Cell death induction. For expression of the cytotoxic proteins tBid, revC3 and TNT, cell death was induced by adding doxycycline to the cells in vitro (5 μg/ml). Classical apoptosis was induced by irradiation of the cell lines B644 with ultraviolet light type B (UVB) at 1.5 mJ/cm 2 /s. For in vivo experiments, the cells were induced with 5 μg/ml doxycycline or a corresponding dose of UVB irradiation in vitro. Implantation into the animals was performed 4 h post induction before any morphological changes were visible.
Multiparameter classification of cell death by flow cytometry. For the morpho-physiological characterization by flow cytometry, B644 cells and its derivatives were cultured in 12-well plates at 200 000 cells per 2 ml D10. At the time points indicated, supernatants containing the dead cells were collected into polypropylene tubes. A trypsin-EDTA solution was added to the wells for 10-15 min at room temperature to detach any remaining adherent cells. Detached cells were collected by adding D10 and combined with their corresponding supernatant fraction. Finally, cells were centrifuged at 300 × g for 5 min and resuspended in the appropriate medium. The cell death characterization method analyzing size, granularity, phosphatidylserine exposure, plasma membrane integrity, mitochondrial membrane potential and DNA content in a one-tube-measurement has been thoroughly described elsewhere. 16 Briefly, collected cells were resuspended in approximately 100 μl of backflow and 400 μl of freshly prepared four-color staining solution containing 1 mg/ml AxV-FITC, 100 ng/ml PI, 10 nM DiIC1(5), 1 μg/ml Hoechst 33342 in Ringer's solution were added. After incubation for 30 min at room temperature, samples were analyzed with a Gallios flow cytometer (Beckman Coulter, Krefeld, Germany). Electronic compensation was applied to reduce bleedthrough fluorescence and data analysis was performed with the software Kaluza 1.3 (Beckman Coulter).
Multiparameter classification of cell death by live cell imaging. Lab-Tek chamber slides (Thermo Fisher Scientific, Darmstadt, Germany) were coated with poly-L-lysine and cells were seeded at a concentration of 50 000 cells per well in 800 μl of D10 and incubated for 18 h at 37°C and 5% CO 2 . One hour before the addition of doxycycline (5 μg/ml), 2 mg/ml AxV-FITC, 400 ng/ml PI, 40 nM DilC1(5) and 0.1 μg/ml Hoechst 33342 were added to the medium. These concentrations proved to be nontoxic during the observation period (18 h). Live cell imaging was performed with an Axio Observer.Z1 (Zeiss, Oberkochen, Germany) microscope equipped with two incubation chambers (PM S1, XLmultiS1 (both Zeiss)) for live cell imaging under cell culture conditions (37°C, 5% CO 2 ). The ATP detection. ATP in the supernatant of dying or dead cells was detected with the 'Luminescent ATP Detection Assay Kit' (Abcam, Milton, United Kingdom) according to the manufacturer's instructions. Briefly, 12-well plates containing the dying or dead cells were centrifuged at 300 × g for 5 min and 100 μl of supernatant was carefully removed and added to a plate filled with 50 μl of lysis buffer to stabilize ATP and inhibit degradation. These plates were immediately kept at − 80°C and luminescence detection was performed within 1 week on a Centro LB 960 (Berthold, Bad Wildbad, Germany) luminometer. For operation, the software MikroWin 2000 4.29 (Berthold) was utilized. Depicted is the ratio of the luminescence signal derived from supernatants of dying or dead cells and analogous supernatants of living cells.
Western blot analysis. Twelve-well plates containing cells treated with the respective death stimulus were centrifuged at 300 × g for 5 min at the time points indicated and 200 μl supernatant was carefully removed and immediately stored at − 80°C until western blot analysis was performed. Samples were defrosted on ice, proteins were precipitated with trichloroacetic acid and the pellet was washed with acetone/methanol. The pellet was resuspended in 40 μl of 1 × sample buffer and proteins were separated on a 4-20% TRIS-glycine SDS-PAGE (VWR, Darmstadt, Germany) under denaturating conditions. Following this, proteins were blotted on a polyvinylidenfluorid membrane (Macherey-Nagel, Düren, Germany). HSP90 was detected with the antibody combination α-HSP90 IgG (New England BioLlbs, Frankfurt, Germany, 4874) and α-rabbit IgG conjugated with horseradish peroxidase (DakoCytomation, Hamburg, Germany, P0448) following the manufacturers' instructions. Luminescence detection was performed with a Celvin S (Biostep, Burkhardtsdorf, Germany) and the software SnapAndGo 1.6.1 (Biostep).
Enzyme-linked immunosorbent assay. Twelve-well plates containing cells treated with the respective death stimulus were centrifuged at 300 × g for 5 min at the time points indicated and 200 μl supernatant was carefully removed and immediately stored at − 80°C until enzyme-linked immunosorbent assay was performed. HMGB1 quantification was performed with the HMGB1 ELISA Kit II (IBL International, Hamburg, Germany) following the manufacturer's instructions. The absorbance was measured with an Infinite 200 PRO plate reader (TECAN, Crailsheim, Germany) and the software i-control 1.10 (TECAN).
Co-incubation of dying or dead cells with bone-marrow-derived macrophages. Bone marrow cells were isolated from C57BL/6 mice and plated in RPMI 1640 supplemented with 10% (v/v) FCS, 1% (v/v) penicillin-streptomycin Figure 6 Cytokine secretion of bone-marrow-derived macrophages (BMDM) in response to co-incubation with dying cells. BMDM were co-cultivated for 18 h with cells dying by the indicated stimuli. The respective supernatants were analyzed for the cytokines IL-1α, IL-1β, IFNβ, IL-10, IL-27, IL-6 and IL-12 (N = 8). Shown are means with their standard error of the mean. A one-way ANOVA analysis with Bonferroni correction for multiple comparisons was performed. *, ** and *** indicate statistical significance with P-values of 0.05, 0.01 and 0.001, respectively; ns, not significant and 1% (v/v) glutamine (R10). The cells were cultivated for 24 h at 37°C under 5% CO 2 . Non-adherent cells were collected and adjusted to 100.000 cells per milliliter in R10 supplemented with 10% conditioned L929 medium. A total 1 × 10 5 cells were added to each well of a 24-well plate and cultured for 3 days at 37°C under 5% CO 2 . After 72 h, 0.5 ml of R10 supplemented with 10% conditioned L929 medium were added and the cells were incubated for another 3 days. Cell supernatants were removed and 5 × 10 5 cells or respective controls in D10 with 5 μg/ml doxycycline were added for induction of cell death in the presence of macrophages. The cells were incubated for 18 h, centrifuged at 300 × g for 5 min and 200 μl of supernatant was collected and stored at − 80°C until cytokine measurement. Cytokine concentrations were determined with LEGENDplex Mouse Inflammation Panel (13-plex; Biolegend, Fell, Germany) according to the manufacturers' instructions. The analysis was performed with a CytoFLEX flow cytometer (Beckman Coulter) and the data were processed with the software Cytexpert 1.2.8.0 (Beckman Coulter).
Immunization, tumor challenge and spleenocyte transfer. The mice were purchased from The Jackson Laboratory (Sulzfeld, Germany) and kept on a standard diet with drinking water available ad libitum. The experiments were conducted according to the European principles and local guidelines for care and use of laboratory animals at the Institute of Cell Biology, National Academy of Sciences of Ukraine, Lviv and the Frantz-Penzoldt-Centre, Erlangen.
The general immunization scheme is depicted in Supplementary Figure S7 .
(1) The allogeneic tumor challenge model for analyzing the immunomodulatory effects of dying tumor cells consisted of the host mouse (BALB/c, MHC haplotype H2d) and B16F10 melanoma cells derived from C57BL/6 mice (MHC haplotype H2b). Specified amounts of cells induced to die by the respective stimulus were subcutaneously (s.c.) implanted in 500 μl of Ringer's solution in the right flank using a syringe with a 25G needle. Eight to 10 days after immunization, the mice were challenged s.c. with 2 × 10 6 viable B644 cells in the opposite flank. (2) The syngeneic tumor challenge model for analyzing the immunomodulatory effects of dying tumor cells consisted of the host mouse (C57BL/6, MHC haplotype H2b) and B16F10 melanoma cells derived from C57BL/6 mice (MHC haplotype H2b). Specified amounts of cells induced to die by the respective stimulus were implanted in 500 μl of Ringer's solution (s.c.) in the right flank using a syringe with a 25G needle. Eight to 10 days after immunization, the mice were challenged s.c. with 1 × 10 6 viable B644 cells in the opposite flank.
(3) The transfer of splenocytes was performed as follows: mice from the syngeneic tumor challenge model showing the smallest tumor size after 21 days were killed and splenocytes were isolated. A total 20 × 10 6 splenocytes in a volume of 200 μl of Ringer's solution were injected with a 25G needle into naive C57BL/6 mice. Two days after splenocyte transfer, the animals were s.c. challenged with 5 × 10 5 viable B16F10 melanoma cells and tumor size was monitored.
The growth of solid melanoma tumors was registered by direct measurement of width, height and depth of the black subcutaneous protuberance with a caliper for up to a maximum of 21 days. In accordance with the guidelines for the welfare of animals in experimental neoplasia, the animal was killed if the mouse tumor volume exceeded more than 10% of the host's bodyweight. (b) Immunogenic cell death. The simultaneous release of 'find me' signals (i.e., ATP, green bar) and DAMPs (i.e., HMGB1, red bar) also recruits phagocytes (macrophages, dendritic cells) to the site of cell death. However, on their way to the prey or when arriving at the site of cell death, they will be activated by the inflammatory components released from the dying cells, thus exerting a proinflammatory phenotype
